The immobilization of miniscule quantities of RuO2 (~ 0.1%) onto one-dimensional (1D) TiO2 nanorods (NRs) allows H2 evolution from water under the irradiation of visible light.
INTRODUCTION
Hydrogen obtained from carbon-free sources is an attractive alternative clean fuel that could potentially offer solutions to global warming through the reduction of CO2 emissions.
The splitting of water into H2 and O2 utilizing solar energy is regarded as one of the most promising and sustainable technologies to produce hydrogen. [1] [2] [3] Although titanium dioxide (TiO2) is the most common semiconductor oxide photocatalyst, [3] [4] [5] [6] its practical application is limited because TiO2 absorbs only a small fraction of solar light and the photogenerated electrons/holes recombine rapidly. 4, 5 Anchoring or coupling metal or metal oxide nanoparticles (NPs) onto TiO2 has been used to either enhance its solar-conversion efficiency by retarding the charge carrier recombination or extending its response toward the visible light region stemming from band level alignment. 6, 7 Precious metals possessing much larger work function than TiO2, 6 such as Pt, Pd, Ru and Au, have been considered as the best candidates to suppress the charge carrier recombination and facilitate the charge transfer owing to the formation of Schottky barriers at the heterogeneous nanoscale junction and the localized surface plasmon resonance. 3, 6, 7 However, such a method of metallization is uneconomical if it demands large amounts of precious metals.
Since RuO2 belongs to the class of d-band metallic conducting transition metal oxides, its electrical resistivity is two-fold higher than that of metallic ruthenium. 8 The intraband transitions and localized surface plasmon resonance of RuO2 also play a vital role in its optical response and photoactivity. [9] [10] [11] Among several polymorphs of TiO2, rutile is the thermodynamically most stable phase, but the moderate-temperature post treatment usually required to achieve highly crystalline rutile phase, results in large particle sizes and nonporosity. 6, 5 Coupling rutile TiO2 with RuO2 has been widely studied in numerous catalytic reactions due to their lattice matching and strong metal-support interaction. [12] [13] [14] [15] [16] [17] claimed that RuO2/rutile-TiO2 catalyst exhibited high catalytic activity and thermal stability toward HCl oxidation to Cl2 due to highly dispersed, ultrafine RuO2 crystallites, approximately a single unit-cell thickness, that cover the surface of TiO2 primary particle with strong interaction between RuO2 and TiO2. Xiang et al. 15 demonstrated that the redistribution or spreading of RuO2 occurred from a spherical shape (~ sub 2 nm) to epitaxial island layers along the TiO2 surfaces during the chlorination reaction, forming a unique heterostructure at the interface. Lin et al. 17 elucidated that among several oxide supports including anatase TiO2, rutile TiO2, rutile SnO2, Al2O3 and SiO2, rutile TiO2 was the most appropriate support to enhance the catalytic activity of N2O reduction. Similarly, Jiao et al. 16 employed thermal treatment to transform RuO2 nanoclusters (ca. 2 nm) into an epitaxial layer on the surface of both anatase and rutile TiO2, relying on the interfacial atom arrangement match between these two oxides that led to more significant exposure of RuO2 (110) facets and thus, promoting photocatalytic CO oxidation. Several key strategies are important including: choosing an appropriate support for highly dispersing metallic Ru or RuO2 NPs to achieve optimal photocatalytic performance; improve the stability as well as decrease the amount of costly precursor being utilized but most notably, aim to preserve all specific properties of each component.
In spite of its promising catalytic features, very little attention has been paid so far concerning the explanation of the photocatalytic properties of the RuO2/rutile-TiO2 system.
Most reported studies employed RuO2 as a cocatalyst to facilitate the gas production under UV irradiation. 3, 6, [18] [19] [20] [21] Recently, a first attempt toward H2 production from water under UV excitation over RuO2/anatase-TiO2 nanocomposites was conducted, where an upward band bending at the RuO2-TiO2 interface has been proposed to explain the good performance of H2 evolution. 21 In addition, density functional calculations performed on RuO2/TiO2(110)
heterostructures for photocatalysis application found that the interface between RuO2 and rutile TiO2 strongly affects the atomic and electronic properties of both oxides due to a strong charge accumulation at the interface. 22 Upward band bending at the interface could be observed when introducing oxygen vacancies at the interface and subsequently, the electron accumulation at the interface creates a strong internal electric field, leading to efficient separation of photoinduced electron-hole pairs during a photocatalytic process. 22 
EXPERIMENTAL

Synthesis of RuO2/TiO2 heterostructures
All the chemicals were purchased from Aldrich and used without purification. Typically, a mixture of 7 mL of titanium n-butoxide and 7 mL of hydrochloric acid (35 wt%) was hydrothermally treated for 11 h at 105 C. The white precipitate was carefully collected and washed several times with deionized water, thrice by aqueous 0.1 M NH4OH solution, and finally with deionized water to entirely remove chlorine contaminants. After drying at 80 C overnight, the blank TiO2 rods (denoted as 'TiO2') were obtained after calcined the as-syn Further characterization of the materials was also conducted using several techniques available at the Center for Functional Nanomaterials (CFN) at BNL. Raman spectroscopy was performed on a WiTec Alpha combination microscope at room temperature with 633 nm laser as an excitation source. UV-Vis diffuse reflectance (DRS) measurements were collected at room temperature by PerkinElmer Lambda 950 spectrometer equipped with an integrating sphere assembly.
Visible-light-driven H2 production measurements
The photocatalytic hydrogen evolution was conducted in a closed gas circulation and evacuation system. Powder catalyst were suspended in aqueous methanol solution (20 vol%) in a sealed quartz cell. After evacuation and Ar purging several times, the reactor was sideirradiated by a 150 W Xenon arc lamp equipped with a CuSO4 filter and 400 nm long pass filter (400 nm <  < 625 nm) under magnetic stirring. The reaction temperature was maintained at 293 K by continuous water circulation. The evolved gases were determined by gas chromatography (GC Agilent 6890N) equipped with FID and TCD detectors using Ar as the carrier gas. Detailed experiment and calculation of apparent quantum efficiency is described in Supporting Information.
Computational methods
We built our theoretical model based on the previously published STM images of RuOx supported on TiO2(110) surface. 23 The nanostructured ruthenia on titania was modelled as follows: (i) TiO2(110) surface consisted of four O-Ti-O three-layers, keeping the two of the bottom fixed at the optimized bulk positions, allowing a vacuum region of 15 Å between repeated slabs; (ii) in order to achieve an isolated wire-like RuO2(110) nanostructure a (3x1)
and (3x6) 28 which makes use of an effective parameter Ueff. We took a value Ueff = 4.5 eV satisfactorily used in our previous work dealing with supported cerium oxide particles on titania. 29 Calculations were performed at the  point of the Brillouin zone for the (3x6) surface model and with a 1x4x1 k-points grid for the (3x1) model.
RESULTS AND DISCUSSION
Visible-light-responsive H2 production over RuO2/TiO2 heterostructures Figure 1 shows the visible light-driven hydrogen production performance of xRuTi heterostructured photocatalysts as a function of RuO2 content. The time profiles in Figure 1A demonstrates the stable, constant amounts of H2 produced over all the rod-like RuO2/TiO2 heterostructured photocatalysts under the irradiation of visible light (400 nm <  < 625 nm).
Bulk rutile TiO2 particle (TiO2_p sample) is completely inactive for H2 production with visible light irradiation, while TiO2 nanorods present a moderate activity, producing 33 mol of H2 gas per gram catalyst per hour. This observation is consistent with recent report that sub-10 nm rutile NPs exhibited a significant improvement in photocatalytic activity for visible-light-driven water splitting compared to the bulk oxide. 30 It is worth noting that the deposition of RuO2 onto TiO2 rods significantly enhances the H2 evolution efficiency regardless of RuO2 loading amount. As seen in Figure 1B , the activity trend follows a volcano shape where the mass-normalized rate of H2 production over all xRuTi heterostructure materials is significantly higher than that over TiO2 NRs with an optimal RuO2 content of 0.1 wt% (425 mol g -1 h -1 ). The photocatalytic performance under full UVvisible irradiation (310-625 nm) followed the same trend, as shown in Figure S1 (Supporting Information). The activities normalized to specific surface areas and apparent quantum efficiencies are summarized in Table 1 . The apparent quantum efficiencies over supported RuO2 are 4-to 12-times larger than that with TiO2 NRs alone. It is observed that increasing RuO2 loading amount to 0.25 and 0.5 wt% gradually decreases the H2 evolved rate regardless of light excitation source. This remarkable result is compared to the case of Pt, which is extensively used as a co-catalyst on TiO2. As shown in Figure S2 (Supporting Information), upon the UV irradiation, the H2 evolution activity over our Ru-based heterostructured photocatalyst is comparable to the platinized TiO2 NRs prepared by in situ photodeposition method. However, Pt does not give activity at all in the visible light region. A few studies have reported visible-light-driven photocatalytic activity over RuO2/TiO2 nanocomposites. 31, 32 Ismail et al. 31 reported that the visible-light photoactivity enhancement toward methanol oxidation was ascribed to the incorporation of a small amount of Ru 4+ into the anatase lattice and the formation of some structural defects on the surface, facilitating the interfacial charge transfer of electrons/holes, whereas the addition of RuO2 suppressed the UV-photonic efficiency of TiO2. We show here that 0.1 wt% of RuO2 is the optimal loading amount onto TiO2 NRs to reach the best photocatalytic performance for evolution of H2, and also in the case of using TiO2 particles as a substrate as displayed in Figure S3 (Supporting Information). Excess RuO2 loading (> 0.1 wt%) may detrimentally occupy the catalytically active sites on the surface of the photocatalyst, which can lead to a reduction of surface area as shown in Table 1 .
Furthermore, it may reduce the light penetration, retarding the activation of TiO2 and the generation of photoinduced charge carriers and therefore diminishing the H2 production. In a similar demonstration, Amama et al. 33 found that depositing beyond 0.4 wt% RuO2 on TiO2-glass fiber cotton significantly decreased the conversion of trichloroethylene oxidation.
Similarly, the photonic efficiency for the methanol oxidation to HCHO reached a maximum at 0.5 wt% RuO2-TiO2 nanocomposite under visible light irradiation and further increasing up to 10 wt% gradually decreased the efficiency. 31 Much lower optimal contents, 0.05, 0.1, and 0.02 wt% of epitaxial RuO2 layers, were obtained for P25, commercial anatase and commercial rutile TiO2, respectively, in the RuO2/TiO2/Pt ternary photocatalyst for CO oxidation. 16 Lin et al. 34 also observed that loading less than 0.05 wt% RuO2 on TiO2 gave much higher activity toward the photocatalytic oxidation of sulfur-containing organic compounds and dyes. Sakata et al. 19 claimed that so small an amount of RuO2, approximately 0.03 monolayer, on bulk TiO2 surface (particle size of 0.2-0.4 m, surface area of 10 m 2 g -1 )
is sufficient to produce good photocatalytic activity of H2 evolution. Excess amount can function as recombination centers because the distance between particles becomes shorter than the distance in which the image force to both electrons and holes is effective. 19 However, different conclusions have been reported by several groups, where 1 ~ 5 wt% of RuO2 has been suggested to provide the best performance. 21, 35 It can be concluded that optimizing the spatial distribution of RuO2 loading on rutile TiO2 support strongly depends on the synthesis method, support nature and experimental conditions. It is critical to develop a synthesis method that allows the isolation of small amounts of RuO2 on TiO2. In the present work, miniscule quantity of RuO2 gave the optimum photocatalytic H2 production activity over both UV and visible light illuminations.
Structure-photoactivity correlation over RuO2/TiO2 heterostrutures
The crystallographic structure of TiO2 NRs and xRuTi heterostructures obtained by X-ray diffraction are shown in Figure 2A . It is observed that the SXPD patterns were unchanged before and after RuO2 addition onto TiO2 NRs. Series of well-defined (110), (101), (111) The formation of a new -Ti3O5 phase (1.4 ~ 2.8 wt%) was clearly observed in all xRuTi heterostructure samples. Based on complementary studies described below, we determined that the appearance of this phase was related to our synthesis method used for the deposition of RuO2 on TiO2. This phenomenon has not been observed previously on neither RuO2/anatase-TiO2, RuO2/rutile-TiO2 nor Ru-doped TiO2 systems. The Raman spectra for different Ru loadings are displayed in Figure 2B , 22 found that the oxygen vacancy led to more electrons on the two Ru sites surrounding the oxygen vacancy, making these sites more active for catalytic reactions. 22, 44 However, excess quantity of such defects is detrimental to the photoactivity since they become the recombination centers and intensively trapped valence-band holes, reducing the charge density and retarding the separation of charge carriers, and hence, diminishing the photoactivity. temperature. 45 To understand the effect of the appearance of this new phase, a TiO2 sample was prepared by using identical impregnation method without addition of the ruthenium precursor. SXPD pattern in Figure S5 (Supporting Information) show the existence of -Ti3O5 phase along with anatase and rutile TiO2. Hence, we can exclude the formation of -Ti3O5 due to the incorporation of RuO2 and that it was formed as a result of preparation conditions. The H2 evolution activity over treated TiO2 was measured under the irradiation of UV-visible light ( Figure S5C ). It is apparent that the emerging -Ti3O5 is detrimental to water splitting reaction while RuO2 addition dramatically promotes the H2 production. The surface core-level shifts reflect the excess charge at the surface layer of metal atoms due to the reduced coordination. 42 A downward shift of BE = 0.4 eV was also detected in the O 1s spectra ( Figure 3B ) which are consistent with Raman results between RuO2 and TiO2, forming Ti-O-Ru bonds. 35 The presence of ruthenium was clearly confirmed by a broad band representative of Ru 3d5/2 peak located at 279 -282 eV as reported in C 1s + Ru 3d core level spectra in Figure 3C whereas the 3d3/2 doublet was superimposed by C 1s feature from carbonaceous impurities and carbonate species. The broad and weak spectrum in the inset indicates the formation of mixtures of Ru 0 and oxidized Ru n+ species (n = 2 ~ 4). 8, 10, 11, 16, 21, 35 Due to the intrinsic submetallic property of RuO2, [8] [9] [10] [11] 21, 31, [33] [34] [35] these highly dispersed ruthenium species behave as quasi metallic contact materials to enhance both the conductivity and transfer of photoinduced holes from TiO2 valence band, further facilitating the charge separation, so that the electrons freely migrate from the conduction band of TiO2, reducing the protons and/or water to generate gaseous H2. The local geometry of the prepared materials was further studied by electron microscopy. Figure S6A and B (Supporting Information) shows that our pure TiO2 NRs were uniform nanorods aggregated in three-dimensional (3D) microsphere-like morphology.
SEM images in
High-resolution TEM micrograph depicted in Figure S6C Combining several factors, the heteroepitaxial growth of rutile RuO2 along rutile TiO2 NRs is proposed to occur because the lattice constants are almost identical. However, if the thickness of epitaxial layers or wires is too thin, approximately few atomic or sub-nanometer level, they may not be observed microscopically. Similar behavior was studied by our group and other groups. 12, 13, 23, 36 We have observed in previous fundamental studies 23 We carried out DFT studies to understand the electronic band structure of the heterojunction nanocomposites which strongly affects the photocatalytic water splitting performance. In Figure 5A , we show the density of states (DOS) of the full-relaxed (3x6)
surface model for the system RuO2 nanowire (RuO2 Gathering the experimental data of Eg and VBM of 0.1RuTi nanocomposite, a possible band level alignment diagram at the interface is schematically shown in Figure 5D . The formation of a heterojunction at the RuO2-TiO2 interface, band gap narrowing, and upward band bending at the interface effectively promote the separation of photoinduced electrons and holes, leading to an increase in photocatalytic H2 evolution. RuO2 via an intimate contact due to higher work function of RuO2, 19, 21, 35 subsequently reacting with protons, water and methanol. The photoinduced holes from VB of TiO2 NRs are irreversibly scavenged by methanol to produce various oxidation intermediates and products such as  OH radical,  CH2OH, HCHO, HCOOH and CO2. 31, 35, 50 Meanwhile, the photogenerated electrons simultaneously reduce the protons and water to generate H2 gas.
These reactions proceed competitively with the recombination of electron-hole pairs. Herein, RuO2 efficiently stabilizes the holes and creates the heterojunction or a Schottky barrier at the heterointerface between RuO2 and TiO2, 3, 6, 35 hindering the charge carrier recombination and consequently, enhancing the H2 evolution. Because Ru is more electronegative than Ti (2.2 vs. 1.54), the strong accumulation of electron density at the interface creates a strong internal electric field between the interface and its adjacent TiO2 layer. 22 The distribution of electric field is inhomogeneous, directly relating to the gradient of the space charge or band bending potential. 11 Thereby, the photoinduced electron-hole pairs adjacent to the interface are separated more efficiently than those generated on pure TiO2 surfaces. The transport, transfer and separation of charge carriers are promoted in the presence of RuO2 and the photocatalytic H2 production activity is prominently enhanced. The unique nanoparticle-nanorod geometry also contributes to the excellent efficiency due to the favorable vectorial electron transport within the 1D TiO2 structure. Additionally, the trapping centers involving Ti 3+ sites as the electron scavengers and the oxygen vacancies as hole trapping centers are crucial in enhancing the photo-oxidation of methanol and consequently, hydrogen production. It is conclusive that the optimized RuO2 concentration is a crucial factor in accounting for the photocatalytic properties via properly manipulating geometry, levels of defects and interfacial electronic alignment.
CONCLUSION
We have successfully developed heterojunction nanocomposites by loading miniscule quantities of RuO2 onto 1D rutile TiO2 NRs and these materials exhibited superior visiblelight-driven H2 generation activity. Our study proved that the unique geometry, abundance of surface defects, band gap narrowing, visible photoresponse and favorable upward band bending at the heterointerface significantly facilitate the charge transfer and separation of photogenerated electron-hole pairs. 0.1 wt% of RuO2 was the optimal loading amount to achieve the highest H2 evolved rate. The comparison with bulk-like support and Pt counterpart obviously demonstrates that the rod-like heterostructures is extremely crucial to visible-light-responsive activity. In perspective, this study provides a simple, scalable and cost-effective approach to produce efficient heterogeneous photocatalysts for solar hydrogen production from water.
